The behavior of gold chloride (AuCl x ) encapsulated within the inner space of a single-wall carbon nanotube (SWCNT) was investigated under electron beam (e-beam) irradiation and high temperatures. Analysis of the pristine specimen by transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), and Raman spectroscopy show that AuCl x is encapsulated within the SWCNTs as a dilute disordered structure. In situ TEM observation of the specimen under e-beam irradiation shows that, within the SWCNTs, AuCl x is reduced to a crystalline Au nanowire (AuNW). The AuNW drifts significantly within the SWCNT during the reduction. At high temperatures (>673 K), in situ TEM shows that the AuNW oscillates intermittently at a frequency of ³1.1 s ¹1 and amplitude of ³60 nm. Raman spectroscopy and EDX suggest that these phenomena are caused by an increase in the internal gas pressure in the SWCNTs because the decomposition of AuCl x by ebeam irradiation or heat treatment produced chlorine (Cl 2 ) gas.
Introduction
In situ transmission electron microscopy (TEM) observation of structural change at the atomic level is a particularly powerful tool for elucidating mechanisms of dynamical processes such as chemical reactions and phase transitions. For example, dimerization of fullerene molecules in carbon nanotubes 1) and the structural phase transition of ice 2) have been observed through in situ TEM observations.
To perform in situ high-resolution TEM (HRTEM) observation of dynamic processes, the way to support the sample is an important issue. Single-wall carbon nanotubes (SWCNTs) have a chemically and physically stable onedimensional nanospace which is suitable for holding atoms and molecules within a confined space. Hence, SWCNTs can be used as nano test-tubes for observing various structural changes at nano-scale. Indeed, reactions of an isolated molecule 1, 35) and of a material within a confined space 6, 7) have been directly observed in the inner space of SWCNTs by TEM observations. The reduction of metal complexes inside SWCNTs is an interesting reaction because ultrathin metal nanowires, which are difficult to synthesize in a normal bulk-scale reactor, can be formed via self-assembly. In particular, reduction reactions of metal halides are suitable targets for in situ TEM observation since metal halides are highly sensitive to electron beam (e-beam) irradiation 8) and heat treatment; 9) metal halides are easily reduced to metal under high-dose ebeam irradiation or elevated temperature. TEM observations of metal halides encapsulated in SWCNTs, therefore, enable us to realize atomic-scale real-time observations of the metal halide reduction.
In this study, we focused on in situ TEM observation on gold chloride (AuCl x ) encapsulated within SWCNTs. Using in situ TEM observation at room temperature, we found that encapsulated AuCl x having a dilute disordered structure is reduced to a dense Au nanowire (AuNW) during e-beam irradiation accompanied by lateral drift of the AuNW inside the SWCNT. Similarly, high-temperature in situ TEM (>673 K) shows that the encapsulated AuCl x is reduced to a AuNW, which is followed by intermittent oscillation at a frequency of ³1.1 s ¹1 and amplitude of ³60 nm. On the basis of Raman spectroscopy and Energy-dispersive X-ray spectroscopy (EDX) results, we suggest that the AuNW oscillation is caused by an increase in the internal gas pressure that resulted from formation of chlorine (Cl 2 ) gas; Cl 2 is formed by the decomposition of AuCl x induced by ebeam irradiation or heat treatment. The successful in situ TEM observation of AuCl x encapsulated in SWCNTs provides a new insight on the dynamics of materials in a nanospace. These results elucidate both the behavior of AuCl x during its reduction to Au and the kinetics of Cl 2 gas in a confined nanospace.
Experimental Procedure
The SWCNTs were synthesized by enhanced direct injection pyrolytic synthesis, 10) and the raw SWCNTs were purified by annealing at 1473 K in vacuo (³10 ¹4 Pa) for 24 h in order to sublimate Fe catalyst nanoparticles.
11) The purified SWCNTs were heat-treated at 823 K in a dry air (Sumitomo Seika Chemicals) with a flow rate of 100 cm Structural characterization and elemental analysis of the AuCl x encapsulated in the SWCNT were carried out by an analytical field-emission TEM (JEOL, JEM-2100F/HR, operating at 80 kV) equipped with an EDX spectrometer (JEOL, TED-2300T). All TEM images were recorded by charge-coupled device (CCD) camera (Gatan, MSC794 1k © 1k) and silver salt film (Fujifilm, FG-film) with a typical exposure time of 13 s. The reaction of AuCl x contained in the SWCNTs at high temperature (up to 673 K) was observed by a conventional field-emission TEM (Hitachi, HF-2000, operating at 100 kV) using a single-tilt heating TEM sample holder (Hitachi, H-5001H). The TEM images were captured with a video recorder (Panasonic, AG-7355).
Raman spectra were measured using a spectrometer (Horiba Jobin Yvon, HR-800) equipped with an Ar + ion laser operated at 488 nm. A notch filter was used to filter out Rayleigh radiation, and the Raman signal was detected by CCD. The laser light was focused onto the samples through an object lens (50©, 0.75 NA). All Raman measurements were carried out at room temperature. Figure 1 shows a TEM image and the corresponding EDX spectrum of an isolated as-prepared AuCl x @SWCNT. The image contrast observed inside the SWCNT is indistinct with no lattice fringes arising from a crystalline structure. During our extensive HRTEM investigation of this sample, we found no signs of a notable crystalline structure inside the SWCNTs. The corresponding EDX spectrum shows distinct Au M¡ and Cl K¡ peaks ( Fig. 1(b) ), which clearly shows the presence of AuCl x in this sample. Si K¡ peak observed in the EDX spectrum probably originates from impurities introduced during the preparation of TEM samples, because the EDX spectrum of cap-opened SWCNTs also shows the Si K¡ signal. The observed TEM image and EDX spectrum indicate the SWCNT-encapsulated AuCl x that has a roughly packed disordered structure.
Results

Evaluation of as-prepared AuCl x @SWCNT
The Raman spectroscopy of the AuCl x @SWCNTs is consistent with the TEM and EDX observations. Figures 2(a) and 2(b) show the Raman spectra for the radial breathing mode (RBM) 12) region (100500 cm ¹1 ) and the tangential stretch mode 12) region (10002000 cm ¹1 ) of cap-opened SWCNTs and AuCl x @SWCNTs, respectively. The Raman spectrum of cap-opened SWCNTs shows several peaks at frequencies of 131165 cm
¹1
, consistent with the RBM signals of SWCNTs with a diameter of 1.81.4 nm. 12, 13) In the case of AuCl x @SWCNTs, the Raman spectrum contains two additional peaks at 311.5 and 333.9 cm ¹ . 14) Moreover, the G-band 12) of AuCl x @SWCNTs is significantly blue-shifted by ³20 cm ¹1 relative to that of cap-opened SWCNTs, which is consistent with previous reports; charge transfer from SWCNTs to AuCl 3 causes the blue shift of the G-band. 15, 16) Figure 3 shows sequential TEM images of isolated AuCl x @SWCNTs; the images were recorded at 30 s intervals during e-beam irradiation (electron dose rate of ³1.7 © 10 6 electrons/nm 2 ·s) at room temperature. In the TEM images, a strong linear contrast inside SWCNTs, which is significantly different from that of AuCl x , is observed. This strong contrast indicates that heavy atoms form a dense structure inside SWCNTs, and we conclude that the strong contrasts correspond to AuNWs formed by e-beam induced decomposition of AuCl x inside SWCNTs; sequential TEM images in fact show that the strong contrast grows during e-beam irradiation. First, the nanowire gradually appeared from the right side of the SWCNT followed by elongation of the nanowire up to about 6 nm, which corresponds to an elongation rate of 2.4 nm/min (Figs. 3(a)3(e) ). Then, the nanowire moved to the right at an average speed of 4 nm/min (Figs. 3(f ) and 3(g)). These TEM images show that an ebeam can induce AuNW formation and the produced nanowire can move within the SWCNT.
Electron beam induced formation and translational motion of Au nanowires in SWCNTs
To confirm the effect of e-beam irradiation on AuCl x , we measured EDX spectra of pristine and e-beam irradiated bare AuCl 3 crystal. Figures 4(a) and 4(b) show the EDX spectra of the pristine and e-beam irradiated bare AuCl 3 crystal, respectively. The Cl K¡ peak decreases sharply after e-beam irradiation for 180 s at ³1.7 © 10 6 electrons/nm 2 ·s. Thus, the e-beam can induce rapid reduction of AuCl 3 , leading to the release of Cl atoms.
Heat induced formation of Au nanowires in
SWCNTs Heating can also induce the reduction of AuCl x to AuNW accompanied by Cl 2 gas formation inside SWCNTs. Figure 5 shows a TEM image and the corresponding electron diffraction pattern of AuCl x @SWCNTs heated at 673 K (hereafter, we denote the heated samples as h-AuCl x @ SWCNTs). Strong contrasts corresponding to AuNW are observed in the TEM image. The electron diffraction pattern also shows clear DebyeScherrer rings, which are assigned to the reflections from a mixture of SWCNTs and AuNWs; according to JCPDS 41-487 and 4-0784, we can assign the diffraction as the 111, 200, 220, 311, and 222 diffractions of the face-centered-cubic phase of Au. From the fact that AuCl and AuCl 3 are thermally reduced to Au at 463 and 527 K, respectively, 9) we concluded that the observed AuNW is formed by the thermal reduction of AuCl x inside SWCNTs. Figure 6 shows the EDX spectra and the corresponding TEM images of h-AuCl x @SWCNTs. As shown in the EDX spectrum taken at low-magnification ( Fig. 6(a) ), the intensities of the Au M¡ and Cl K¡ peaks are comparable. In contrast, the EDX spectrum corresponding to the nanowire region of an isolated h-AuCl x @SWCNT, marked by "x" in the TEM image in Fig. 6(b) , shows a strong Au M¡ peak without a Cl K¡ peak. These results suggest that the strong contrast corresponds to a pure Au nanowire free of Cl atoms and Cl 2 molecules formed by thermal reduction of AuCl x in the space of the SWCNTs interior.
The Raman spectroscopy of pristine and h-AuCl x @ SWCNTs are consistent with the TEM and EDX results (Figs. 5 and 6 ). Raman spectra for the RBM region and the tangential stretching mode region of h-AuCl x @SWCNTs are shown in Fig. 2 , in addition to the Raman spectra of capopened SWCNTs and pristine AuCl x @SWCNTs. The Raman spectrum of pristine AuCl x @SWCNTs contains AuCl stretching modes at 311.5 and 333.9 cm ¹1 , whereas the spectrum of h-AuCl x @SWCNTs contains only RBM peaks, similar to the spectrum of cap-opened SWCNTs at low frequencies. These results suggest that AuCl x encapsulated in the SWCNTs completely decomposed to Au during heat treatment. Moreover, the peak position of the G-band of pristine AuCl 3 @SWCNTs is blue-shifted by ³20 cm ¹1 relative to that of cap-opened SWCNTs, whereas the peak position of h-AuCl x @SWCNTs is blue-shifted by only ³2 cm ¹1 . We attribute this small peak shift to Au not participating in charge transfer from SWCNTs.
These results suggest that AuCl x in AuCl x @SWCNTs is completely decomposed to AuNW and Cl 2 gas by heat treatment.
Random translational motion of Au nanowires in
SWCNTs at high temperature Figure 7 shows the sequential TEM images of AuNW@ SWCNTs during heating from 473 to 673 K. Figure 7(a) shows a TEM image of AuNW@SWCNTs at 473 K. When the specimen temperature is increased, migration and oscillation of the nanowires are observed by in situ TEM (Figs. 7(b) and 7(c) ). The arrows in the TEM images indicate the AuNW tips, which show significant movement within the SWCNT. To investigate quantitatively the dynamic nanowire motion, we monitored the movement in real time at 673 K. The AuNW oscillates intermittently, with an average oscillation frequency of ³1.1 s ¹1 and amplitude of ³60 nm.
Discussion
When a metal salt forms a close-packing structure in the space of a SWCNT, the reduction from metal salt to pure metal cannot proceed due to the complete protection provided by the surrounding graphene wall. 7) In contrast, the experimental results clearly show that AuCl x encapsulated in SWCNTs is immediately reduced to form AuNW by both e-beam irradiation and heat treatment at 673 K. This is probably caused by the roughly-packed structure of AuCl x in the SWCNT, where empty space is available for released Cl atoms during the reduction. Released Cl atoms probably react with each other to form Cl 2 gas that becomes trapped inside the SWCNTs. Similar confinement of gaseous molecules inside CNTs has been reported. For example, Ugarte et al. 17) found that high-pressure nitrogen oxide gas produced by the decomposition of AgNO 3 within a multi-wall carbon nanotube (MWCNT) remains trapped within it. Additionally, Gadd et al. 18) have reported that MWCNTs retain Ar gas in their interior space for several months at room temperature. These previous reports support our assumption that SWCNTs can retain Cl 2 gas in their inner space after AuCl x is reduced to Au. Moreover, the presence of Cl atoms in SWCNTs was confirmed experimentally by the EDX of the h-AuCl x @ SWCNTs (Fig. 6 ). Because the amount of Cl 2 formed by ebeam induced reduction is thought to be proportional to the electron dose, the volume of Cl 2 gas within the SWCNT probably increases with e-beam irradiation time. The AuNW drift within the SWCNT observed by TEM (Fig. 3) is therefore caused by the increase in the volume of Cl 2 gas within the SWCNT. We cannot totally exclude the possibility that the AuNW drift is caused by e-beam induced thermal expansion of Cl 2 gas in the SWCNTs. However, we expect the e-beam to induce negligible heating because of the high thermal conductivity of CNTs. 19) In the AuNW@SWCNTs prepared by heating, we consider that the encapsulated Cl 2 gas induces the migration and oscillation of the nanowires as in the e-beam-irradiated AuCl x @SWCNTs. In particular, the intermittent oscillation of the AuNW observed at high temperature is probably caused by random collisions of trapped Cl 2 gas molecules, that is, by Brownian motion in a one-dimensional nanospace. According to the Einstein-Stokes diffusion coefficient, the oscillation amplitude of AuNW at 673 K is too small for Brownian motion to be the driving force of AuNW oscillation; the diameter of a particle, that moves at the velocity of 60 nm per 1.1 s in Cl 2 gas at 673 K, is calculated to be about 20 mm by the Einstein-Stokes diffusion coefficient. However, since the AuNW morphology is not spherical and interactions probably act between the SWCNT wall and AuNW, we consider that the actual oscillation amplitude cannot be estimated by simple calculations.
In this study, we performed an in situ TEM study of AuCl x @SWCNTs. The main contribution of this work is successfully imaging the dynamics of the reduction of AuCl x in the inner space of a SWCNT. In addition, we observed intermittent random oscillation of AuNWs in SWCNTs; this motion is probably caused by random collisions with trapped Cl 2 molecules. These observations can provide new insight into the dynamics of gaseous molecules confined in a nanospace.
Conclusion
The reduction of AuCl x encapsulated in SWCNTs under ebeam irradiation and high temperatures was investigated by in situ TEM observation. Reduction of the AuCl x to AuNW by e-beam irradiation and the migration of NW within the SWCNT during the irradiation was observed. Similarly, intermittent oscillation of the AuNW at a frequency of ³1.1 s ¹1 and amplitude of ³60 nm was observed during reduction by heat treatment at 673 K. The Raman and EDX spectra indicated that these phenomena are caused by an increase in the internal gas pressure of the SWCNTs, as a result of Cl 2 gas production due to AuCl x decomposition induced by e-beam irradiation or heat treatment.
